In-response to a phytohormone, gibberellic acid, the aleurone layers of barley seeds synthesize and secrete a-amylages, which are coded by a set of stable mRNAs. When aleurone layers are subjected to heat shock treatment, the synthesis of a-imylase is suppressed while heat shock proteins are induced. The suppression of a-amylase synthesis is not the result of translational control as reported in several other systems. Rather, the sequences of a-amylase mRNA are rapidly degraded during heat shock as shown by in vitro translation and dot blot hybridization with a cDNA probe. Upon recovery from heat shock, the tissue resumes the synthesis of a-amylase in 24 hr. However, in the presence of a transcription inhibitor, cordycepin, the resumption of synthesis of ao-amylase does not take place, indicating that new transcription of a-amylase genes is necessary for this recovery process. The degradation of a-amylase mRNAs correlates with the rapid destruction of endoplasmic reticulum as observed by electron microscopy, a phenomenon that has not been reported previously as a heat shock response. Since a-amylase mRNA is associated with the endoplasmic reticulum via membranebound polyribosomes, we suggest that the destruction of the endoplasmic reticulum during heat shock causes the destabilization and the eventual degradation of a-amylase mRNA.
In response to rapidly increasing temperatures, many organisms synthesize a set of proteins that are commonly known as the heat shock proteins (HSP). This heat shock response has been observed in nearly all organisms and tissues so far investigated (1) , although some exceptions have been reported (2) (3) (4) . Except for Xenopus oocytes (5) ; the synthesis of HSP appears to be due to the increased transcription of the HSP genes (1) .
How the increase in temperature is sensed by the tissue is not known. Chemical agents such as amino acid analogues, arsenite, cadmium, and ethanol have been found to induce HSP synthesis in some systems in the absence of a temperature increase (1) . Although ubiquitin (6) , ATP-dependent protease (7) , and enolase (8) have been shown to be induced by heat shock, the exact function and identity of the remaining HSP remain unclear. Agents that induce HSP synthesis have also been found to induce thermotolerance (1) . It has been suggested that a primary signal for HSP synthesis may result from a change in the cellular membranes (9, 10) and that the resulting HSP may exert a protective effect on the membranes (11) .
In pursuit of this possibility, we have investigated the biochemical and ultrastructural effects of heat shock on barley aleurone layers. The barley aleurone layer is a homogeneous, nondividing tissue whose gene expression is dramatically altered in the presence of the plant hormone, gibberellic acid (GA3, one ofthe gibberellins). In the presence of GA3, the cell's metabolism is redirected toward the de novo synthesis and secretion of several hydrolases including a-amylase, protease, and ribonuclease (for reviews, see ref. 12) . By 24 hr of treatment with GA3, a-amylase becomes about 40% of the newly synthesized protein (12) . It has been established from the use of cloned cDNA probes that the observed increase in a-amylase synthesis is due to the GA3-induced transcription of a-amylase mRNA (13) (14) (15) Laemmli (19) NaDodSO4 gel loading buffer.
In vivo and in vitro synthesized proteins were analyzed by one-dimensional 11% NaDodSO4/polyacrylamrde gel electrophoresis as described by Laemmli (19) .
RNA Isolation and in Vitro Translations. RNA was isolated from aleurone layers by using a guanidine-HCl extraction procedure (20 was spotted on a GeneScreen membrane (New England Nuclear). The membrane was dried and baked at 80'C for 2-3 hr. The baked membrane was soaked in 10 mM sodium phosphate buffer (pH 7.7) for 10-15 min before being UVirradiated (1,200 AW/cm2) for 90 sec (22) . The membrane filter was prehybridized and hybridized by the procedure of Maniatis et al. (21) . The probe used was nick-translated cDNA coding for the low-pI a-amylase isozyme (clone E). Because of the extensive sequence homology between the high-and low-pI isozymes, this probe could potentially detect gene transcripts for both isozymes (13) (14) (15) .
Electron Microscopy. Tissue samples were processed in two different ways depending on their exposure to GA3. The presence of GA3 promotes partial cell wall degradation, permitting shorter dehydration and infiltration times than in the absence of GA3. Tissue samples ca. 0.5 mm2 were fixed in 3% glutaraldehyde/2% formaldehyde buffered with either 0.05 M cacodylate buffer (without GA3) or 0.05 M Millonig's buffer (with GA3) at pH 7.0 for 4 hr. The tissue was washed in buffer and then postfixed in a buffered (as above) 2% OSO4 solution (pH 7.0) for 4 hr. Samples were again washed in buffer, dehydrated in a 50-100% graded series of acetone baths, infiltrated with "modified Ladd's" resin (23) , and polymerized at 45°C under vacuum. Sections -60 nm thick were cut on a Microstar 35-mm diamond knife, stained with 1.5% aqueous uranyl acetate and Reynold's lead citrate, and viewed in a Hitachi H-600 electron microscope. Morphometnc measurements were made with a Houston Instruments HIPAD digitizer.
RESULTS
When barley aleurone layers were treated with 1 ,uM GA3, the de novo synthesis of a-amylase was induced (Fig. 1) . By 16 hr of GA3 treatment, a-arnylase became the predominant newly synthesized protein (compare lanes 1 and 5 in Fig. 1 ). When barley aleurone layers without previous hormone treatment were exposed to elevated temperature, the synthesis of several new proteins was observed. In the heatshocked GA3-induced aleurone layers, there was also a -GAR +GA, 25 dramatic yet selective reduction in a-amylase synthesis in addition to the synthesis of the new proteins (Fig. 1) . In both the presence and absence of GA3 at least 11 proteins showed increased synthesis in response to increasing temperature (Fig. 1) . These proteins had apparent molecular masses of 105, 101, 87, 84, 76, 74, 71, 34, 19, 18, and 17 kDa, which were similar to those reported for other plant species (24, 25) . HSP synthesis first became apparent at 35°C (Fig. 1, lanes 3 and  7) , with the optimum temperature being 40°C (Fig. 1, lanes 4 and 8). Exposure to 45°C appeared to be lethal to barley aleurone layers in that protein synthesis was eliminated.
When GA3-treated aleurone layers were subjected to the heat shock temperature of 40°C, there was a fast induction of HSP, with a concomitant decrease in the synthesis ofa-amylase reaching aminimum of 3 hr (Fig. 2, lane 7) . Uponprolonged heat shock treatment, there was a slight recovery in a-amylase synthesis at 12-24 hr (Fig. 2, lanes 10 and 11) , but the level of a-amylase synthesis did not return to that of the controls (Fig.  2, lanes 3 and 12) .
Regulation of Protein Synthesis in Heat-Shocked Tissue. To investigate at what level the altered protein synthesis is regulated in heat-shocked aleurone cells, we performed in vitro translations and dot-blot hybridizations to measure the activity and number of sequences of specific mRNA. Fig. 3 shows the in vitro translation products of heat-shocked and non-heat-shocked tissues as well as the corresponding in vivo labeled samples. Total RNA, poly(A)+ RNA and poly(A)-RNA "(unbound)" fractions from heat-shocked tissues coded for several proteins not seen in the translation products of RNA from non-heat-shocked tissues. In addition, these proteins had mobilities essentially identical to the HSP induced in vivo (Fig. 3) .
It has been established that in vitro a-amylase is synthesized as a 46-kDa precursor (13) (compare lanes 7 and 10 in Fig. 3 ). In the GA3-treated aleurone layers, heat treatment resulted in a reduction in a-amylase synthesis both in vivo (Fig. 3, lane 11 ) and in vitro (Fig. 3, lanes 5 and 8) observation indicates that there was a loss of functional a-amylase mRNA during the heat shock. It can be seen that the reduction in in vitro a-amylase synthesis occurred with total RNA as well as with the poly(A)+ RNA. Thus, the decrease was not due to a loss in ability to bind to oligo(dT)-ce ulose, as previously reported for some 250C mRNAs in Drosophila (27) . Dot-blot hybridization experiments using a cloned a-amylase cDNA probe were also carried out to measure the level of a-amylase mRNA sequences. RNA was isolated from aleurone layers incubated for 19 hr at 250C in the absence or presence of 1 /uM GA3 and from layers incubated in the presence of GA3 for 16 hr at 25TC, followed by a 3-hr incubation at 40TC. There was little or no hybridization between the probe and the RNA isolated from tissue incubated in the absence of GA3 (Fig. 4) . By visually comparing the extent of hybridization in the GA3-treated samples with or without heat shock, there appeared to be an 8-fold decrease in hybridization in the heat-shocked samples. This implies that >85% of the a-amylase mRNA sequences were lost in the heat-shocked tissue.
Transcription Dependency of Resumption of a-Amylase Synthesis During Recovery from Heat Shock. If, as appeared from the data presented above, there was a loss in a-amylase mRNA sequences during heat shock, then new RNA synthesis should be required for recovery of a-amylase synthesis. This possibility was investigated as follows. Aleurone layers were incubated for 16 hr at 250C in the presence of GA3, then subjected to a 3-hr heat shock at 400C. At the end of the heat-shock treatment, cordycepin, an effective transcription inhibitor in barley aleurone cells (27) , was added to a final concentration of 0.1 mM to prevent new RNA synthesis. Samples were returned to 250C for various times to allow recovery from the heat shock. The synthesis of aamylase was resumed during the recovery from the heat 4 5 6 7 8 9 10 11 12 13 14 [6] [7] [8] , and poly(A)-RNA (lanes [13] [14] [15] were isolated and translated in the rabbit reticulocyte system. In vivo labeling (lanes 9-11) and sample processing were described for Fig. 1 . BMV (lane 2) is mosaic virus mRNA used as a control. Equal amounts of total acidprecipitable radioactivity were applied to the gel. The top arrowhead points to the in vitro synthesized a-amylase precursor and the lower one points to the in vivo synthesized a-amylase. Sizes are shown in kDa.
shock only in the absence of cordycepin (e.g., Fig. 5, lanes  13 and 14) . By 14) . Non-heat-shocked layers were also incubated with GA3 at 250C for 35 hr (lane 16) and with GA3 at 250C for 16 hr followed by 16 hr at 250C with C (lane 15).
Samples were labeled and processed as described for Fig. 1 . The arrow indicates the position of a-amylase.
presence of GA3 for 20 hr at 250C is shown in Fig. 6 A and B. As reported earlier (16), incubation with GA3 induced the extensive proliferation of ER. When tissue incubated in the absence of GA3 was given a heat shock, there was no apparent effect at the ultrastructural level (data not shown). However, when GA3-treated layers were given a heat shock, there was a dramatic effect at the ultrastructural level. The extensive stacks of ER were no longer apparent after a heat shock, although the morphology of other organelles remained basically unchanged (Fig. 6C) . Morphometric measurements indicated that heat shdck treatments caused =75% reduction in the content of ER membranes as compared to the control.
DISCUSSION
Alterations of the profile of newly synthesized proteins are readily observable phenomena in man-heat-shocked tissues. Three types of proteins are present in barley aleurone layers; they are induced, suppressed, or unaffected by heat shock. Besides the induction of HSP, we also have observed a drastic reduction of the synthesis of GA3-induced a-amylase. This appears to be the consequence of destruction of mRNA sequences coding for a-amylase, as demonstrated by both in vitro translation and dot-blot hybridization with an a-amylase cDNA probe. The resumption of a-amylase synthesis during the recovery from heat shock is dependent on the transcription of a-amylase genes, since it does not take place in the presence of the transcription inhibitor cordycepin. Our observation is apparently different from the heat shock responses in Drosophila, where mRNA coding for the normal proteins is sequestered during heat shock and only HSP mRNA is translated (26) . Upon recovery from heat shock in Drosophila, the synthesis of normal proteins is resumed even in the absence of new transcription. This type of translational control does not seem to operate in the heat-shocked barley aleurone layers. Destruction of some mRNA coding for normal proteins also has been reported in yeast under heat shock (28) , where the mRNA half-life is short and the mRNA 4m-., --undergoes normal decay without resynthesis. In soybean cell cultures, mRNAs for the small subunits of ribulose-1,5-bisphosphate carboxylase decrease during heat shock (29) . Since heat shock treatment inhibits-the transcription ofgenes encoding normal proteins, this observation is probably also the consequence of normal mRNA decay in the absence of new synthesis. Thus, the above cases are in contrast to the situation with a-amylase in barley aleurone layers, where a normally long-lived mRNA is specifically destroyed during heat shock.
Another heat shock response in barley aleurone layers is the disruption of the normally abundant ER lamellae. To our knowledge this phenomenon has not been reported before in any cell type. The timing of ER disruption correlates well with the destruction of a-amylase mRNA (unpublished data). It has been shown that a-amylase mRNA is extremely stable in unstressed barley aleurone layers. After the mRNA reaches the maximal level, the synthesis of a-amylase continues even though the formation of new mRNA is blocked by transcription inhibitors (27) . It has been estimated that the half-life of a-amylase mRNA is at least 100 hr (30) . However, this stable mRNA species is rapidly destroyed during heat shock. Within 3 hr of heat shock, >85% of the a-amylase mRNA sequences are destroyed-i.e., the half-life of this mRNA has decreased to <2 hr. Being a secretory protein, a-amylase is synthesized by ER-bound polysomes. Therefore, the presence of ER is probably essential for the synthesis and posttranslational processing of this enzyme. We suggest that the stability of a-amylase mRNA is the consequence of its association with ER. Once ER is disrupted during heat shock treatment, this mRNA is no longer stable and is subjected to degradation by ribonuclease. Upon recovery from heat shock, new a-amylase gene transcripts are made and at the same time ER is reformed, which stabilizes the a-amylase mRNA-hence the resumption of a-amylase synthesis. Is this a phenomenon unique to aamylase in aleurone cells or applicable to other secretory proteins in other cells? We have already shown that the synthesis of several other secretory proteins in barley aleurone layers is affected by heat shock treatment similarly to a-amylase (M.R.B. and T.D.H., unpublished data). In Xenopus liver the synthesis of vitellogenin, a secretory protein, is preferentially inhibited by heat shock (31) . Therefore, the effect of heat shock on the disruption of ER may lead to a reduction of the synthesis of secretory proteins in general. A similar effect of heat shock on ER-directed protein synthesis has been observed also in at least one other plant tissue, corn roots (32) . In this tissue total protein synthesis, as measured by the incorporation into acid-precipitable materials, is not affected by heat shock; however, the radioactivity associated with ER is reduced. On the other hand, it has been reported that the content of mRNA encoding soybean storage proteins increases during heat shock (33) . Whether the inhibitory effect of heat shock on ER-directed protein synthesis as described in this work is applicable to other systems awaits further study.
The biochemical mechanisms underlying the destruction of ER during heat shock are not yet understood. Because of the physicochemical nature of lipid bilayers, membranes are sensitive to temperature perturbations. Changes of membrane properties have been observed frequently in freezeinjured plant tissues (34) . It also has been reported that heat stress causes electrolyte leakage in cultured plant cells (35) . In barley aleurone layers, the changes in ER could serve as one of the sensing mechanisms that allows the cells to recognize the presence of heat stress. The consequence of this initial response is to reduce the synthesis of secretory proteins and make the synthetic capacities available for the synthesis of HSP that are not affected by the disappearance of ER.
